[1] A three-dimensional, nonlinear, high-resolution, sigma coordinate, hydrodynamic model was applied to study the sea surface manifestation of short-period internal waves measured in Algeciras Bay and the Strait of Gibraltar. Model results reproduce the tidally induced generation of the internal bore over the Camarinal Sill and its disintegration into wave trains as it moves eastward. While propagating along the Strait of Gibraltar toward the Mediterranean Sea, the wave trains partly penetrate into Algeciras Bay, with typical oscillation periods of 20 and 40 min. The modeled wave-induced surface train structures are compared with satellite images and in situ observational data obtained from two pressure sensors located inside the bay. Results demonstrate that wave-induced sea surface displacements are indicators of the presence of internal waves and may be used in the context of the internal wave analysis when surface oscillations are captured with sufficient precision.
Introduction
[2] The displacement of the sea surface is one of the physical manifestations of the internal wave phenomena. However, on the grounds that the small amplitude of that displacement is very small in comparison to those of the isopycnal surfaces around the pycnocline, surface displacement is usually disregarded in the majority of studies on internal waves, which invoke the so-called "rigid lid" assumption. The paper is aimed to investigate the sea surface displacement induced by internal waves in Algeciras Bay and the Strait of Gibraltar.
[3] Algeciras Bay is situated near latitude 36.2°N, at the northeastern end of the Strait of Gibraltar (Figure 1 ). Here the Atlantic waters flow into the Mediterranean Sea as a surface current, while the denser Mediterranean outflow waters flow in the opposite direction at depth. Superimposed on this quasi-steady two-layer water exchange there are a predominantly mesotidal and semidiurnal tide dynamics that have been extensively described Mañanes et al., 1998; Tejedor et al., 1999; Parrilla et al., 2002; Sánchez-Román et al., 2008] . The interaction of the barotropic tide with the abrupt topography of the Camarinal Sill in the presence of such strong stratification generates internal waves, which propagate mainly toward the Mediterranean Sea. These internal disturbances decompose into wave trains during the propagation and their structure has also been described in extensively [Armi and Farmer, 1988; Tsimplis, 2000; Izquierdo et al., 2001; Bruno et al., 2002] .
[4] At present, a hierarchy of numerical models has been developed to describe the hydrodynamics of the strait. These are based on two-dimensional depth-integrated schemes [Sánchez and Pascual, 1989; Tejedor et al., 1998 ], two-layer models [Izquierdo et al., 2001] , three-dimensional, hydrostatic models [Wang, 1993; Sannino et al., 2007] , two-dimensional (in a vertical plane), nonhydrostatic models [Morozov et al., 2002; Vázquez et al., 2006] and three-dimensional nonhydrostatic models [Vlasenko et al., 2009 ]. The numerical model by Vlasenko et al. [2009] reproduces the propagation of wavefronts from the generation of internal waves included as a forcing in the initial conditions, whereas the two-dimensional model of Vázquez et al. [2006] simulates the processes of generation and disintegration of internal wavefronts from the Camarinal Sill considering the rigid lid approximation.
[5] Despite the large amount of data collected in the Strait of Gibraltar, there is a lack of field measurements and numerical results in Algeciras Bay. For these reasons the dynamic processes of Algeciras Bay are not yet well known. As evidence of this, although there are data from the analysis of tidal elevation at some points within the bay [García-Lafuente, 1986; Candela, 1990; Tsimplis et al., 1995; Pairaud et al., 2008] , from the reported presence of internal waves fronts near the mouth of Algeciras Bay Robinson, 1990, 1991] , and from experimental records on the oceanographic characteristics of the bay (see Environmental Quality Plan for the Campo de Gibraltar, 2004, available at www2. uca.es/grup-invest/plan-campodegibraltar/), the most recent specific study conducted in this geographic context is dated 1924 [De Buen, 1924] .
[6] The bay is deep, with maximum depths of more than 500 m in a broad central canyon that characterizes the bathymetry, running longitudinally until it reaches the Strait of Gibraltar. Since Algeciras Bay opens into the strait, the propagation of internal waves into the bay is potentially one of the hydrodynamic processes affecting the mean values and variability of several significant oceanographic features. However, the only evidence of this process to date consists in some remote sensing satellite images [see, e.g., Global Ocean Associates, 2002] .
[7] In this paper, the generation of short-period internal wave trains in the Strait of Gibraltar and their propagation into Algeciras Bay are studied by analyzing the wave induced sea surface displacement, by use of a three-dimensional, semi-implicit model, in conjunction with observational data. The paper is organized as follows. Section 2 describes the characteristics of the numerical model. In section 3 we present the model results; here, we make a comparison between the observed and modeled values of the M 2 tidal characteristics, and analyze and compare the propagation of short-period internal waves with the available experimental information. Final concluding remarks complete the paper in section 4.
Model
[8] A three-dimensional, nonlinear, high-resolution, baroclinic, free-surface, hydrodynamic model was developed on the basis of the numerical resolution of the 3-D primitive hydrostatic equations, in sigma coordinates, as described by Mellor [1996] . Equations solve the momentum balance, the conservation of mass, temperature and salinity, and the UNESCO equation of state for the density. The coefficients of vertical viscosity and diffusion are calculated by means of a Mellor and Yamada [1982] second-order closure scheme.
[9] In order to achieve an accurate representation of the elevation fields, the model solves simultaneously the 2-D (depth-averaged) hydrodynamic equations coupled to the 3-D scheme by means of splitting techniques. The solution of the 2-D equations provides the free-surface baroclinic elevation and the mean depth-averaged velocity profiles with the high accuracy associated with depth-averaged models. In correspondence, the 2-D terms of advection, horizontal and vertical diffusivity, and baroclinic pressure gradient are calculated by the three-dimensional equations by integrating over the depth. The bottom stress is solved by matching the numerical solution to the 'law of the wall' applied to the first grid points nearest the bottom. A bottom roughness parameter z 0 = 0.1 cm was specified on the basis of a reference height of 1 m above the bottom for a drag coefficient C D = 0.003. Equations of motion were completed with a horizontal eddy diffusion term acting on the velocity. Here, the horizontal eddy viscosity coefficient, K 0 = 0.05 m 2 s −1 , was chosen because it is the smallest value capable of suppressing nonphysical disturbances in the model solution.
[10] The horizontal structure of equations were integrated on an Arakawa-C staggered grid by a semi-implicit CrankNicolson scheme, using the Peaceman and Rachford [1955] splitting-up method as in the UCA2D model [Álvarez et al., 1999] , while an implicit scheme was used for the vertical diffusion terms in the 3-D equations [Richtmyer and Morton, 1967] . This scheme is conservative and unconditionally stable [Marchuk, 1980] , and provides high numerical stability and computational efficiency. This characteristic is particularly needed when short-period waves and high nonlinear contributions are present, since it allows for the use of fine horizontal and vertical resolutions without numerical energy losses and the requirement of shortened time steps.
[11] The calculation grid domain covered the Strait of Gibraltar and the western zone of the Alboran Sea (Figure 1) , with a horizontal resolution of 100 m and 50 sigma levels in the vertical direction. The bathymetry was obtained from nautical charts published by the Spanish Navy Hydrographic Institute (IHM) and the British Admiralty. The time step for integration was 2 s, which ensures the stability of the numerical solution.
[12] A free slip condition was set at the coastal boundaries. At the open boundaries, a radiation condition in the 2-D equations was imposed [Flather and Heaps, 1975] , so that the nonphysical disturbances are propagated away from the model domain. This condition is written in terms of the deviations of tidal elevation and the mean depthaveraged velocity from their reference values. In the 3-D equations, the spatial variability of currents related to its mean depth-averaged value normal to the open boundaries was implemented through the well-known Sommerfeld radiation condition in the form of Orlanski [1976] . In order to avoid short-period wave reflections at the open boundaries, the equations adjacent to these boundaries were supplemented with artificial smoothing terms, defined as a numerical filter acting on the tidal velocity and elevation.
[13] The model was forced at the western and eastern open boundaries with a M 2 tidal elevation and velocity and a steady baroclinic exchange. The reference amplitudes and phases of elevation and velocity of this boundary condition were inferred from the previous studies by Tejedor et al. [1998] , Bruno et al. [2000] , and Izquierdo et al. [2001] , by interpolation/extrapolation techniques and taking into account basic flow-conservation laws.
[14] The initial vertical profiles of temperature and salinity for the whole domain were implemented according to the empirical data collected during the experiment "Strait 94-96," which show the general pattern for the strait to be constituted by two main density-defined water layers (upper Atlantic and lower Mediterranean) together with a transition layer between them at a depth of ∼100 m. A initial homogeneous mean field was implemented, also taking into consideration the results given by Bruno et al. [2000] , Tsimplis [2000] , and Izquierdo et al. [2001] . At the open boundaries, the temperature and salinity conditions are prescribed by means of a standard upstream advection scheme.
[15] The model results analyzed in section 3 correspond to the last 10 M 2 tidal cycles simulated, once a steady time periodic solution was achieved. Once the series were obtained, the output data were processed by techniques of harmonic [Foreman and Henry, 1989] and spectral [Godin, 1972] analysis to obtain the tidal characteristics and the presence of short-period waves on the free surface, generated by internal wavefronts.
Results

Experimental Comparison of M 2 Tidal Model Results
[16] A total of 23 locations, shown in Figure 1 , have been used in order to make a comparison between the observed values of the M 2 tidal characteristics and those modeled. Table 1 shows the comparison for M 2 tidal elevation amplitude and phase in 19 sites. Mean differences between the predicted and observed values are smaller than 2.5 cm for the tidal amplitude and 3.6°for the phase. More specifically, in the area of Algeciras Bay model results are found to be in clear agreement with the experimental results, and show maximum differences over the whole domain of 2 cm in the amplitude and 3°in the phase. Figure 2 shows the observed and calculated M 2 current ellipse parameters. Here, the quantitative similarity of the data is notable. Namely, the RMS error for the semimajor axes is 20.2 cm s −1 for the station C1, 14.5 cm s −1 for C2, 13.0 cm s −1 for C3, and 17.8 cm s −1 for C4. These values are one order of magnitude less than the mean amplitude of M 2 currents, and the inclination of the semimajor axis and the phase of maximum velocity are almost coincident in all cases.
[17] The modeling results for the spatial distribution of the amplitudes and phases of the M 2 tidal elevation is shown in Figure 3 . The M 2 tidal amplitude shows a smooth variation between the extremes of the domain, ranging from 65 cm at the western limit to 30 cm at the eastern boundary, while the phases, showing small variations in consonance with the measurements reported by Candela [1990] , give evidence of slight propagation southwestward, in accordance with the numerical results of Tejedor et al. [1998] and Sannino et al. [2007] . In Algeciras Bay, the amplitude of the co-oscillating M 2 tide remains around 33 cm and the cotidal lines indicate a northward propagation and a diffraction process on the headland constituted by the Rock of Gibraltar.
Simulation of Internal Wave Generation at the Camarinal Sill and Its Manifestation on Free-Surface Elevation
[18] Figure 4 shows the predicted evolution of the freesurface elevation and vertical component of current velocity Figure 2 . Comparison between observed (black) and predicted (gray) vertical profiles of the M 2 current velocity ellipses' parameters for different experimental stations C1 and C4 [Candela, 1990] , C2 [Bruno et al., 2000] , and C3 (modified from Tsimplis [2000] ), showing the ellipses' semimajor axis (squares), phase (diamonds), and inclination (triangles). during one M 2 tidal cycle at a control point at the eastern side of the Strait of Gibraltar (shown in Figure 1 ). The most remarkable feature is a high-frequency perturbation in the free-surface elevation generated around 4 h after the high tide (Figure 4a ). This signal is most perceptible when the series is submitted to a process of high-pass Fourier filtering to eliminate periods longer than 1 h. Perturbations with amplitudes close to 4 cm can be appreciated. . The spectral analyses of the filtered series show that these oscillations are associated with peaks between 20 and 40 min.
[19] Similar short-period oscillations also appear in the density field along a longitudinal transect of the strait (Figure 5a ). Note that, as expected, the sea surface displacement is in opposite phase to the isopycnal displacement and a crest/trough in the isopycnal corresponds to a trough/ crest in the sea surface. Here,~6 h after the release of the internal bore generated at the Camarinal Sill, shortwavelength oscillations of the isopycnals resulting from the disintegration of the internal bore can be observed, in accordance with the descriptions by Gerkema [1994] , Tsimplis [2000] , and Bruno et al. [2002] . These isopycnal oscillations are clearly correlated with free-surface displacements, as can be appreciated in Figure 5a . Complementarily, Figure 5b shows the observed and modeled time variation of salinity at a depth of 70 m in a location over Camarinal Sill (corresponding to the C2 station in Figures 1  and 2 ) during a specific period covering the internal wave advance; the experimental series correspond to the experiment "Strait 94-96" [Vázquez et al., 2008] . Salinity values increase suddenly (from 36.5 to 38.3 in the experimental record, and from 37.0 to 38.1 in the modeled series) at the time of the hydraulic jump when the Mediterranean water moves upward, coinciding with maximum westward currents ( Figure 5b) ; the values are then restored during the turning tide. A secondary, smaller increase in salinity can be observed about 1.5 h later, in both time series: measured (from 36.5 to 37.5) and modeled (from 37.0 to 37.5). The results also show how the perturbed density field depicts a rank-ordered wave train, consonant with the patterns described by Vázquez et al. [2006] .
[20] Figure 6a shows a sequence of the predicted elevation fields of the free surface and the vertical component of the Figure 1) ; the experimental series were collected during the experiment "Strait 94-96" [Vázquez et al., 2008] in situation of mean tide. 
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current velocity at a depth of 50 m, together with three SAR images from the ERS-1 and ERS-2 satellites (ESA), at different moments of the tidal cycle. From the analysis of Figure 6a , a considerable correspondence is found between model fields and the images from space, despite the spring or neap tide episodes corresponding to some of the satellite images, which would imply different conditions with respect to the mean tide situation contemplated by the model. A detailed analysis of these images reveals the generation and release of one internal bore for each M 2 cycle, which disintegrates into a wave train with 7 to 10 wavefronts during its propagation toward the Mediterranean Sea. Model results show amplitudes of about 4 cm for the elevation, 5 cm s
for the vertical velocity, and 40 to 65 m for the isopycnals, with oscillation periods ranging from 20 to 40 min, wavelengths of 1.8 to 2.1 km and propagation velocity of about 5 km h −1 , in good agreement with the values described by Gerkema [1994] , Vázquez et al. [2006] , and Sánchez Garrido et al. [2008] . Model results similarly show how the wave train, in its transit through the strait, penetrates into Algeciras Bay when it reaches its mouth. This behavior is also observed in the photo taken from the International Space Station (ISS) in June 2004 (Figure 6b ).
Propagation of Internal Wave Trains Into Algeciras Bay
[21] To evaluate the presence of short-period internal wave trains in Algeciras Bay, the experimental data series acquired by two pressure sensors at depths of 40 and 16 m and situated at the control points PS1 and PS2, respectively, were analyzed. These sensors made recording over periods of 1 month during November 2006 (PS1) and December 2006 (PS2) with sampling intervals of 1 and 3 min, respectively. Predicted and observational results are shown in Figures 7 and 8 .
[22] Figure 7a shows the temporal evolution of the elevation of the free surface inferred from the pressure sensor at the control location PS1, during the course of 15 wave cycles. A simple visual inspection of the observed data reveals not only that the amplitude and phase of the measured tidal oscillations are close to those of the modeled M 2 tide, but also that short-period perturbations are present, superimposed on the tide in the original series, close to high tide. The intensity of the perturbations is unequal, with values appreciably higher in episodes of spring tides compared with the same behavior in other stages of the springneap cycle, plausibly correlated with the different values of the Froude number for supercritical flows [Izquierdo et al., 2001] . This evidence, related to the presence of these waves, becomes clearer when the series is submitted to a highpass filtering in order to eliminate periods longer than 1 h. In fact, when these results for the observed amplitude during two tidal cycles, separated in time by 7 days, are compared with the equivalent amplitudes of the predicted M 2 tidal constituent (see Figure 7a) , it becomes evident that there is a qualitatively and quantitatively analogous oscillation, situated in the same phase of the wave as that obtained experimentally. By monitoring the evolution of the spatial propagation of the wavefronts generated numerically, these waves can be associated with the perturbation of the free surface produced by the internal wave train generated in the strait. Figure 7b shows the corresponding analyses for the pressure sensor at the control location PS2. The short-period oscillations in the free surface have lower amplitudes, both in observed and predicted series, owing to the weakening of the internal waves as they penetrate into the bay, and because the strong vertical stratification does not appear in the well-mixed shallower nearshore areas.
[23] However, owing to the apparent variability in the amplitude of the short-period waves observed in different tidal cycles, a merely quantitative and isolated comparison of the amplitudes between the observed and calculated data could be an insufficient indicator for their characterization. Hence, additional analyses are necessary.
[24] Figure 8 shows the spectral density distribution of the observed and predicted free-surface elevation time series data were filtered to remove periods longer than 1 h at the two mooring locations in the bay. At both points, the experimental data present analogous spectral distributions. Specifically, a main peak at periods close to 20 min for both locations is the principal characteristic of the spectra, both in the predicted series and in the observed data. In numerical terms, the main energy peak of the experimental spectrum at the PS1 station corresponds to a period of 22 min, while for the PS2 station such peak occurs at a period of 26 min. Similarly, three secondary peaks for periods of around 18, 25, and 40 min can be noted at the predicted PS1 spectral distribution. Plausibly, the relatively higher predicted densities for all these peaks are due to the clearer signal of the modeled series, which avoids the subsequent spreading of energy over the different frequency bands that occurs in the experimental analyses.
[25] The frequency range where the significant peaks appear also shows the persistent presence of very smallamplitude periodic oscillations in the wave train propagation area, behind the internal tide oscillation, evident in both the calculated and observed data. Such oscillations, apparently not directly originated by the wave train, are plausibly related to the resonant period for Algeciras Bay, T = 4L(gh) −1/2 , which for a length scale L ≈ 14 km and a mean depth h ≈ 250 m, is about 18 min, present in the results as the corresponding spectral peak.
[26] Apart from the last consideration, the results obtained confirm the presence of short-period waves on the free surface in Algeciras Bay, originated in the Strait of Gibraltar and propagated within the bay.
Concluding Remarks
[27] Although, to date, there have been no previous studies analyzing the dynamic characteristics of Algeciras Bay, there is a large body of work dealing with the hydrodynamic characteristics of the Strait of Gibraltar. One of the principal aspects reported is the presence of internal waves, which have been extensively studied. However, to date, the disintegration of the principal bore into trains of internal waves of realistic wavelengths had not been reproduced in 3-D numerical models. In this study, we have applied a 3-D numerical model that reproduces the generation of internal bores, the generation of wave trains, and the manifestation of these trains on the sea surface in the Strait of Gibraltar and Algeciras Bay on the basis of the hydrodynamic characteristics for the principal semidiurnal tidal constituent M 2 . The model demonstrates that fronts of wave trains, which move along the strait toward the Mediterranean Sea, are propagated to the interior of Algeciras Bay and are clearly manifested in the free-surface elevation. These results are consistent with the available observational data: both images from space and the experimental series of elevation data recorded in the interior of Algeciras Bay, obtained by pressure sensors. The calculated data reflect similar amplitudes of the short-period waves occurring in the interior of the bay when the observed tidal amplitude is equivalent to that of the M 2 constituent. The experimental results themselves highlight the presence of wave trains in the interior of Algeciras Bay, and their manifestation at the monitoring points occurs at characteristic times prior to the high tide. This behavior coincides with the results predicted by the model, and is described by the results. Therefore, the similarity in the spatial distribution of short-period waves between those generated by the model and those observed in the satellite images and tidal observational data suggests that the model reproduces the breakup of the principal wave, the velocity of propagation, and the wavelength and periods of these fronts moving along the strait, from their generation at the Camarinal Sill to their arrival at points inside the bay. However, as with all models, there are limitations to the results provided by this one. The results from the modeling show that the baroclinic, free-surface approximation in the representation of the pressure included in the momentum equations may be sufficient to reproduce a wide range of the principal nonlinear characteristics of this wave generation, when the spatial grid resolution is fine enough. Nevertheless, it should be noted that the model does not contemplate the additional dispersive contribution of the nonhydrostatic terms, as described by Morozov et al. [2002] , Vázquez et al. [2006] , and Vlasenko et al. [2009] , and hence quantitative differences between observed and predicted data could be reduced when such contribution is considered.
[28] However, the observational data show a wide variability in the amplitudes of these oscillations in function of the phase related to the spring/neap tide cycles of the wave, in consonance with the findings of Izquierdo et al. [2001] . Although the numerical results show a good quantitative agreement in the amplitude of the short-period waves when the amplitude of the tidal wave is equivalent to the M 2 , the model does not reproduce the variable intensity of the observed wave trains associated with the spring/neap tidal cycle, because it considers only the semidiurnal M 2 constituent. However, using these results, it has been possible to demonstrate that wave-induced sea surface displacement may be used in the context of internal wave studies since such sea surface oscillations can be captured, with sufficient precision, by modern bottom pressure sensors, at least when the internal wave amplitudes are as large as those found in the area of the Strait of Gibraltar and Algeciras Bay. It is also less costly to use this parameter than the expensive mooring lines used in conventional studies, and this methodology may allow researchers to obtain longer simultaneous records of the internal wave events at many points within the area of interest.
